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Frequent cyanobacterial blooms in eutrophic waters produce a variety of toxins such as microcystins (MCs),

which are seriously harmful to waterbodies and human health. The spatiotemporal distribution

characteristics of the MC-LR concentration in drinking water sources in seven river basins in China were

investigated in this study. The removal rate of MC-LR in the purification process of water treatment

plants and the human health risk of MC-LR in drinking water are also discussed. The results show that

the detection frequency of MC-LR in source water was 55.46% and its concentration ranged from 0.06

� 10�3 to 52 � 10�3 mg L�1 (mean of 12.47 � 10�3 mg L�1), which are both below China's drinking water

quality standard for algal toxins. The MC-LR concentration in lakes and reservoirs was higher than that in

rivers, and exhibited an obvious spatiotemporal variation. The mean removal rate of MC-LR varied with

river basin, and was also slightly higher for the advanced water treatment process (97.46%) in

comparison to that of the conventional process (96.74%). The concentration of MC-LR in 8.26% of

treated water samples was higher than that of raw water, thus indicating that MC-LR may be further

released during the purification process. The risk index of MC-LR in treated water samples ranged from

2.29 � 10�3 to 8.40 � 10�3 (mean of 4.73 � 10�3), which corresponded to an extremely low level of risk.

However, intensive monitoring should still be carried out in some high-concentration watersheds during

the summer to ensure the safety of public drinking water.
1. Introduction

In recent years, a large amount of anthropogenically produced
nitrogen and phosphorus have entered waterbodies via surface
runoff, sewage systems, and atmospheric dry and wet deposi-
tion processes, thus resulting in the eutrophication of water-
bodies and algal blooms.1 Cyanobacterial blooms not only
cause a decline in water quality, but also produce a series of
highly toxic secondary metabolites, which pose a serious threat
to people and the safety of drinking water.2 Microcystins (MCs)
are themost frequently occurring of all algal toxins3with a cyclic
heptapeptide structure. Since the 1980s, when the structure of
MCs was rst identied, at least 246 variants have been found.4

Globally, among all of theseMC congeners, MC-LR, MC-RR, and
MC-YR are the variants most frequently detected in water
samples, and in some cases, they are predominant.5–8

In Asia, many studies have detected MC-LR, MC-RR, andMC-
YR, among which, MC-LR is the most commonly reported and
most well-studied congener; hence, it is currently considered to
be the reference compound due to its high, acute toxicity and
high occurrence. According to a toxicokinetic study, MCs
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mediate their toxicity by uptake into hepatocytes via a carrier-
mediated transport system, followed by inhibition of serine/
threonine protein phosphatases.8 Ikehara et al. investigated
the effect of 21 MC analogs on the activity of protein phos-
phatase 2A and found that MC-LR was the strongest inhibitor.9

The inhibition of protein phosphatases results in an increase in
protein phosphorylation, which affects several processes, thus
leading to various cellular responses such as apoptosis, reduced
DNA repair, and tumor promotion.10 These responses have
mainly been investigated with MC-LR.11 Long-term drinking of
water contaminated with MCs will cause liver injury, induce
liver cancer, intestinal cancer, and may produce genotoxicity.
Epidemiological studies have found that the high incidence of
primary liver cancer in some areas of southern China (e.g.,
Jiangsu Taixing and Haimen) is related to the contamination of
drinking water by MCs.12,13 In Serbia, more than 80% of reser-
voirs used for water supply have experienced algae blooms over
the past 80 years, with levels of MC-LR reaching up to 650 mg L�1

in the reservoir. The study by Svirčev et al. evidenced that there
was a signicant increase in the incidence of primary liver
cancer in regions where these waters were used for human
consumption in the 10 years previous to their investigation.14

The recognition that MCs represent a serious hazard to
animal and human health led various countries to dene
specic guidelines and reference values for MC-LR and the
group of MCs, thus requiring risk management measures to be
RSC Adv., 2021, 11, 6415–6422 | 6415
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put in place to protect human health. The water quality stan-
dard for algal toxins in drinking water recommended by the
WHO is 1.0 mg L�1.15 Australian scholars recommend 1.0 mg L�1

as the upper limit for safe drinking water.16 The standard of
algal toxins in the “Environmental Quality Standards for Surface
Water” of China is 1.0 mg L�1.17

Many techniques have been used to analyze MCs, such as
immunological and biological assays, UV absorbance, andmass
spectrometry.18–20 Enzyme linked immunosorbent assay (ELISA)
kits used to determine algal toxins are relatively inexpensive,
simple to operate, and rapid, but they are less sensitive and
selective for target algal toxins.18,21,22 The method, which is
based on direct injection coupled with liquid chromatography
with tandem mass spectrometry (LC-MS/MS), is recommended
by the United States Environmental Protection Agency (US EPA)
and can be used for the detection of six MC congeners (MC-LA,
MC-LF, MC-LR, MC-LY, MC-RR, and MC-YR) in drinking water
samples.23 However, the poor sensitivity of this method is one of
its limitations. Other detection methods have been used for
analyte separation, with UV absorbance commonly employed,
but their limitations include low sensitivity, low specicity, and
interference from complex matrices.24,25

To enhance the sensitivity and specicity of the analytical
methods for the detection and quantication of MCs in water
samples and complex matrices, ultra-performance liquid chro-
matography coupled to tandem mass spectrometry (UPLC-MS/
MS) has been developed. Combined with the sample pretreat-
ment method of solid phase extraction (SPE), the detection limit
varies with the concentration of the sample, and the lowest limit
can reach 5.0 ng L�1.26

Pirsaheb et al. developed a new extraction method based on
liquid-phase microextraction and the freezing of a deep eutectic
solvent (LPME-FDES) for the determination of common pesti-
cides in water samples prior to their analysis using high
performance liquid chromatography-ultraviolet detection
(HPLCUV) or metal in blood samples.27 The extraction meth-
odology is simple, rapid, cheap, and green, since only small
amounts of non-toxic solvents are necessary.28,29 The combina-
tion of continuous sample drop owmicroextraction (CSDFME)
with gas chromatography-electron-capture detection (GC-ECD)
has been developed as a high preconcentration technique for
the determination of chlorophenols (CPs) in environmental
water samples.30 Dispersive liquid–liquidmicroextraction based
on the solidication of oating organic drops has been applied
to the simultaneous extraction and determination of contami-
nant traces because it is both fast and inexpensive.31–33 Solid
phase extraction (SPE) coupled with ion pair based-surfactant
assisted dispersive liquid–liquid microextraction based on the
solidication of oating organic drop (IP-SA-DLLME-SFO)
method was developed by Sadeghi. It has high sensitivity,
accuracy, and credibility for the preconcentration and deter-
mination of environmental samples.34 Compared with the
recent microextraction techniques mentioned above that
determine organic and inorganic compounds, the solid-phase
extraction method used in this study has simple operation
steps, it can effectively reduce the impact of the surrounding
6416 | RSC Adv., 2021, 11, 6415–6422
environment on the system, and it can obtain more accurate
results.

The problem of MCs pollution in the water environment,
especially in drinking water sources, has therefore attracted
long-term attention from scholars worldwide. Hernandez et al.
(2009) concluded that although the risk of cancer from MCs in
drinking water is currently less than the risk of cancer from
smoking, the hazard represented by MCs should not be
underestimated.35 As the eutrophication of waterbodies inten-
sies, cyanobacteria continue to erupt, and it seems inevitable
that MCs will endanger human health to a greater extent. Hir-
oshi et al. determined that the highest concentration of total
cellular microcystin in Lake Taihu in China was 50 mg L�1,
which thus exceeds the drinking water limit (1.0 mg L�1) and
may affect human health.36 Additionally, MC-LR has recently
been reported as the major MC present in some reservoirs in
Africa.37,38 The eutrophication and MCs pollution of water-
bodies in developed countries such as Japan are also serious
issues. For example, the concentration of MC-LR in a lake in
Japan in June 1992 reached 1.5 mg L�1.39 In Australian fresh-
waters, the presence of MCs has been widely reported since
2000; for example, Cirés et al. determined that MC-LR was the
most abundant MC variant.40 In southern Manitoba, Canada,
MC-LR was detected in 44% of waterbodies at a concentration of
between 0.1 and 0.6 mg L�1.41 According to the survey of Duong
et al., the concentration of MCs in Hoan Kiem Lake in Vietnam
reached 46.0 mg L�1.42 Vasconcelos et al. investigated the
occurrence of MCs in lakes and reservoirs in central Mexico,
and found that their concentrations ranged from 4.9 to 78.0 mg
L�1.43 Generally, MCs are more commonly detected in lake
waterbodies, with higher concentrations in some areas.44 In
addition, there are signicant regional differences in the release
characteristics of MCs, and the peak time in some regions also
varies.45,46

Many studies have been undertaken to date regarding the
concentration of MCs in waterbodies in certain water basins,
most of which have focused on the biotoxicity and environ-
mental occurrence of MCs as well as the study of cyanobacterial
blooms. However, recent research studies have typically been
conducted over relatively small spatial scales and/or during the
cyanobacteria outbreak season only. Such approaches cannot
fully characterize the spatiotemporal distribution of MC-LR.
More in-depth research is also required in order to undertake
comparisons between seasons. In addition, health risks, such as
non-carcinogenic risks, have seldom been reported during the
evaluation of drinking water in previous studies. Concentration
detection and the purication process of drinking water
produced from raw water sources have rarely been accounted
for in evaluation systems.

Therefore, in the present study, both raw and treated water
samples were collected from 80 treatment plants across China.
The spatiotemporal distribution of the MC-LR in seven major
basins and its concentration in raw and treated water samples
are assessed in this study. The removal rate of MC-LR in water
treatment plants is also discussed, and a human health risk
assessment was also undertaken. Accordingly, this study aimed
to contribute to the understanding of MC-LR pollution in
© 2021 The Author(s). Published by the Royal Society of Chemistry
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surface waters that are used as drinking water sources, and may
provide a basis for the development of further prevention and
control measures.
Fig. 1 Location of sampling cities in seven major river basins in China.
2. Materials and methods
2.1 Study areas and sample collection

119 raw water samples (59 from lakes or reservoirs and 60 from
rivers) were collected from 7 major river basins, and 121 treated
water samples were collected from 80 water treatment plants in
23 cities from May 2015 to December 2017 (Table 1, Fig. 1). As
the raw water samples were taken directly fromwaterbodies that
act as sources for water treatment plants, the concentrations of
MC-LR in these samples were taken as being representative of
the source water concentration. In Fig. 1, the green dots indicate
the cities in which water samples were collected from rivers, red
triangles indicate the cities in which samples were collected
from lakes or reservoirs, and purple squares indicate the cities
in which samples were collected from rivers and lakes or
reservoirs.

2.1.1 Sample processing and determination. SPE-UPLC-MS
was used to determine the MC-LR concentration in the samples.
Each water sample was rst ltered through a 0.45 mm lter and
concentrated by solid-phase extraction using a C18 cartridge,
which was activated using 10mL ofmethanol and 10mL of pure
water in sequence. The sample was then rinsed, eluted, and
nitrogen-blown. The volume was subsequently adjusted. Aer
ltering through a 0.2 mm disposable needle lter, all samples
were injected and MCs were determined by UPLC-MS/MS.

2.1.2 Instruments and operating conditions. A SPE-UPLC-
MS system (Waters®, USA) and Masslynx TM 4.1 workstation
were used in this study. The chromatographic conditions
involved a column ACQUITY UPLC® BEH C18 (1.7 mm, 2.1 mm
� 50 mm). The MS used an electrospray ion source (ESI+),
capillary voltage of 3.00 kV, ion source temperature of 110 �C,
desolvent gas temperature of 380 �C, desolvent gas ow rate of
900 L h�1, and cone hole backush gas ow rate of 50 L h�1.

2.1.3 Experimental reagents and chemicals. A MC-LR
standard product obtained from Taiwan Algae Research Co.,
Ltd. was used. The MC-LR standard solution was made up to
a 20 mg mL�1 stock solution with methanol and stored at�4 �C.
The solid phase extraction column was obtained from Waters
Oasis® HLB.DC HP (20 mm, 2.1 mm � 30 mm, reusable), and
disposable needle lters (25mm) were purchased from Acrodisc
GHP 0.2 mm (Pull, USA).
Table 1 Sampling location information

Number River basin City

1 Yangtze river Nanjing, Zhuzhou, Wuxi, Shanghai, Chaoh
2 Songhua river Harbin, Heihe
3 Pearl river Shenzhen, Dongguan, Foshan
4 Yellow river Jinan, Zhengzhou, Lanzhou, Baoding, Zib
5 Liaohe river Dalian, Shenyang
6 Haihe river Shijiazhuang, Beijing, Baoding
7 Huaihe river Lianyungang

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2 Removal rate calculation

The removal rate of MC should be calculated using the
following formula:

Removal rate ¼ (C1 � C2)/C1 � 100%,

where C1 is the concentration of MC-LR in inuent water and
C2 is the concentration of MC-LR in effluent water.
2.3 Health risk assessment method

Humans may be exposed to MCs both directly and indirectly.
Consumption of drinking water is a main direct route, and
indirect exposure include the consumption of MCs-containing
freshwater sh and shellsh, contaminated crops, vegetables
that have been irrigation with MCs contaminated water, other
food of an animal origin, and food supplements.47

Risk assessments are usually divided into carcinogenic and
non-carcinogenic risks according to the carcinogenicity of the
Number of inuent samples

u 44 (9 from lakes or reservoirs, 35 from rivers)
3 (2 from lakes or reservoirs, 1 from rivers)
22 (8 from lakes or reservoirs, 14 from rivers)

o, Binzhou, Dongying 34 (27 from lakes or reservoirs, 7 from rivers)
6 (from lakes or reservoirs)
7 (from lakes or reservoirs)
3 (from rivers)

RSC Adv., 2021, 11, 6415–6422 | 6417
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pollutant of interest. At present, most studies on the carcino-
genicity of MCs are still in the exploration stage, and no
carcinogenic intensity coefficient of MC-LR has yet been
declared by the EPA.48 Therefore, this study only considers the
oral intake of MC-LR through drinking water consumption.
The hazard quotient (HQ) was used to assess the noncarci-
nogenic risks of MC-LR to humans. It is generally believed that
the response of an organism to non-carcinogenic substances
has a dose threshold, and it is considered that there is no
adverse health effect if the risk is below the threshold. HQ is
dened as the ratio of the long-term daily intake dose to the
reference dose due to exposure. The single toxicant non-
carcinogenic health risk assessment model recommended by
the US EPA was used for evaluation.48 The calculation formula
is as expressed by eqn (1):23

HQ ¼ CDI/RfD (1)

where CDI is the long-term daily intake (oral or inhalation) dose
(of a pollutant) (mg per kg per d) and RfD is the maximum
exposure reference dose (mg per kg per d), which is available from
the US EPA48,49 and Integrated Risk Information System (IRIS,
https://www.epa.gov/iris). When HQ is less than 1, the non-
carcinogenic health risk level is considered to be acceptable;
otherwise, a non-carcinogenic health risk is considered present.50

The CDI for oral and inhalation exposure can be calculated
using eqn (2):

CDI＝
Cs � IR� EF� ED

BW�AT
(2)

where Cs is the content of the contaminant of interest in
a medium (e.g., water, food, or air) (mg kg�1 or mg L�1); IR is the
intake of water, food, or air (mg per d or L per d); EF is the
exposure frequency (365 d year�1); ED is the exposure period
(non-carcinogens, 30 years; carcinogens, 70 years); BW is the
average body weight (kg); AT is the average exposure time (non-
carcinogens, 30 � 365 ¼ 10 950 d; carcinogens, 70 � 365 ¼
25 550 d).

This article only considers the risk of MCs to human health
through drinking. Therefore, the formula for calculating the
non-carcinogenic risk can be simplied as eqn (3):

HQ＝
C � IR

BW�RfD
(3)

where C is the concentration of MCs in drinking water (mg L�1);
IR is the drinking water intake (L per d); RfD is the reference
dose for oral exposure of MC-LR.
2.4 Statistical analysis

Data were analyzed and plotted using Excel 2013 and Origin
2017. ArcGIS 10.5 was used for the sampling prole.
Fig. 2 Concentration of MC-LR in raw water samples collected from
lakes/reservoirs in various river basins in China during the summer and
winter from 2015 to 2017 (MC-LR was not detected in the water
samples from Songhua River basin.).
3. Results and discussion
3.1 Temporal and spatial distribution of MC-LR

Of the 59 samples of raw water from lakes/reservoirs, 36
(61.02%) contained MC-LR. The concentration ranged from
6418 | RSC Adv., 2021, 11, 6415–6422
0.06 � 10�3 to 52 � 10�3 mg L�1 (mean of 11.44 � 10�3 mg L�1)
and the highest concentration was found in Shijiazhuang
located in the Haihe River basin. Of the 60 samples of raw water
from rivers, 30 (50%) contained MC-LR. The concentration
ranged from 0.22 � 10�3 to 37 � 10�3 mg L�1 (mean of 5.29 �
10�3 mg L�1) and the highest concentration was found in
Zhengzhou City located in the Yellow River basin. Comparison
of the mean MC-LR concentrations revealed that lakes/
reservoirs had higher concentrations than rivers, which may
have related to the lack of hydrodynamic conditions in the
lakes/reservoirs and the eutrophication of waterbodies.
However, all of the raw water samples were below the water
quality standards for algae toxins in drinking water (1.0 mg L�1,
China's GB5749-2006 and the WHO, see Section 1).

The concentration of MC-LR in the raw water samples was
greatly affected by season. Of the 45 raw water samples collected
from lakes/reservoirs during the summer (May to October), 29
(64.44%) containedMC-LR at a concentration ranging from 0.06
� 10�3 to 52 � 10�3 mg L�1 (mean of 7.59 � 10�3 mg L�1). Of the
14 raw water samples collected from lakes/reservoirs during the
winter (November to April), 7 (50%) contained MC-LR at
a concentration ranging from 0.40 � 10�3 to 3 � 10�3 mg L�1

(mean of 1.07 � 10�3 mg L�1). The seasonal data for lake/
reservoir samples are shown in Fig. 2, which illustrates the
seasonal variation of the MC-LR concentration in the different
river basins. Summer concentrations were higher than winter
concentrations, which was consistent with the seasonal trend of
algal biomass. Additional data are given in Online Resource 1.

Lezcano et al. investigated the environmental factors
affecting MCs and found that the concentration of MCs
exhibited a signicant positive correlation with water temper-
ature.51 Hu et al. found that MCs increased slowly in low
temperature conditions, and that the low temperature adapt-
ability of Microcystis was weaker than other algae.52 Xiao et al.
also found that the concentration of MC-LR varied with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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season, whereby an increased (decreased) water temperature
corresponded to an increased (decreased) concentration, which
is in general agreement with our results.53 This temperature
relationship infers that the summer is suitable for the growth of
cyanobacteria, and thus MC-LR pollution can occur easily at
this time. This important seasonal variation between the
concentration of MCs in water samples collected from the
reservoir has also been reported for Portuguese reservoirs.54

Our ndings suggest the need to control the eutrophication
of surface waterbodies and to regularly monitor MC-LR
concentration levels, especially during the high algae period
in summer. Algae cells and MC-LR in raw water should also be
removed to ensure the safety of treated water and to prevent
algal toxin poisoning. Additionally, given that the concentration
of MC-LR in our study was the highest in lakes and reservoirs in
the Haihe River basin, this basin should be prioritized for
monitoring during the summer.
3.2 Removal rate of MC-LR by the purication process

MCs are chemically stable, degrade slowly in water, and can
accumulate in aquatic organisms.55 MCs must be controlled
and eliminated during drinking water treatment. Of the 121
treated water samples, 19 (15.7%) contained MC-LR at
a concentration ranging from 0.03 � 10�2 to 1.10 � 10�2 mg L�1

(mean of 0.31 � 10�2 mg L�1; median of 0.19 � 10�2 mg L�1).
Thus, treated water sample concentrations were also lower than
the drinking water standard (1 mg L�1) in China, and were
clearly lower than those determined for the raw water samples.
This indicates that although the water treatment procedure in
the studied treatment plants did not completely eliminate the
MCs, it did signicantly reduce the concentration of MC-LR in
the source water.

The MC-LR removal rate was calculated to range between 0%
and 100% (mean of 93.91%). As shown in Fig. 3, the removal
Fig. 3 Removal rate of MC-LR in water samples collected from lakes/
reservoirs in various river basins in China during the summer and
winter from 2015 to 2017.

© 2021 The Author(s). Published by the Royal Society of Chemistry
rate of MC-LR in Liaohe, Haihe, and Pearl River water treatment
plants was relatively complete. Themean removal rate of MC-LR
in the treatment plant in the Yellow River basin was 94.56%,
which was higher than that of the treatment plant in the
Yangtze River basin. MC-LR pollution thus seriously threatens
drinking water safety in this area, and it is critical to improve
the MC-LR removal rate.

The drinking water treatment procedure can be divided into
simple treatment, conventional treatment, and advanced
treatment. The water treatment plants that were sampled in this
study all adopt conventional or advanced treatments. The
conventional treatment procedure includes coagulation, sedi-
mentation, ltration, and disinfection to remove turbidity and
the microbial content, and to reduce the colloidal organic
matter content in water. Advanced treatment increases the use
of ozone or activated carbon on the basis of the original treat-
ment procedure to ensure that the drinking water quality meets
the requirements of legislation.

In our study, the MC-LR removal rate in the treatment plants
that use the conventional treatment procedure ranged from
25% to 100% in the source water for samples taken during the
summer (mean of 96.74%). In the water treatment plants that
use the advanced treatment procedure, the MC-LR removal rate
ranged from 64.52% to 100% (mean of 97.46%). Hence, the rate
of the advanced treatment was slightly better than that of the
conventional treatment.

It was also observed that the concentration of MC-LR in
8.26% of the treated water samples was higher than that in the
raw water samples. This indicates that MC-LR may be further
released during the purication process in some water treat-
ment plants using the conventional treatment procedure. Wang
et al. reported that the pre-chlorination process easily destroyed
the cyanobacterial cell structure and releasedmore extracellular
toxins, which led to an increase in the concentration of dis-
solved algal toxins in the treated water.56 According to a study by
Jiang, the concentration of MCs increased aer pre-chlorination
and sand ltration.57 Advanced treatment can effectively remove
the increased algal toxins by ozone and activated carbon,
whereas the conventional treatment procedure has no effective
countermeasures.

The maximum and mean MCs concentration in the treated
water samples during the summer were higher than those of the
raw water samples in this study. This demonstrates that there is
still a risk that algal toxins are not removed during water
treatment. Moreover, the results support the need to control the
eutrophication of surface waters that are used as drinking water
sources to reduce the occurrence of algal blooms.
3.3 Non-carcinogenic risk assessment of MC-LR in source
water and effluent water

MC-LR enters the human body through three phases (the
mouth, stomach, and small intestine) via the consumption of
drinking water. Any part of MC-LR that is excreted from the
body during the digestion stage will not affect human health.
Therefore, it is suggested that in order to accurately assess the
actual health risks of MC-LR through drinking water exposure,
RSC Adv., 2021, 11, 6415–6422 | 6419
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Table 2 Relationship between the hazard quotient (HQ) value and the
risk degree

HQ value Risk degree

HQ # 0.03 Extremely low
0.03 < HQ # 0.71 Low
0.71 < HQ # 1 Medium
1 < HQ # 2.86 High
HQ > 2.86 Extremely high
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the bioavailable concentration of MC-LR (aer gastrointestinal
digestion) should be considered.58

Lü Chen et al. collated data on reported MC-LR concentra-
tions in source and drinking water in China from various
publicly released domestic and foreign studies.59 The HQ rec-
ommended by the US EPA was adopted to assess the non-
carcinogenic risks of MC-LR posed by consuming contami-
nated source water and drinking water.49 The results show that
in China, from April 1998 to June 2016, the concentrations of
MC-LR in Chaohu Lake, Taihu Lake, Dianshan Lake, Dianchi
Lake, the Yangtze River, Pearl River, and other water bodies
ranged from ND to 54.90 mg L�1, and the HQ of lake water
ranged from 0 to 51.00. The maximum HQ for lake (reservoir)
water in China was greater than 1, indicating that the level of
MC-LR has non-carcinogenic health risks.

According to the “Research Report on Environmental Expo-
sure Behavior Patterns of Chinese Populations” issued by the
Ministry of Environmental Protection in China,60 the average
weight of adults in China is 60.6 kg and the amount of drinking
water consumed is 1.85 L per d per person. Therefore, the IR in
eqn (3) is 1.85 L per d and BW is 60.6 kg. In 1998, the WHO
adopted the highest dose (NOAEL) from theMC-LR toxicity test of
Fawell et al. for 13 weeks, which resulted in a TDI of 0.04 mg
kg�1.61 The guideline value of MCs in drinking water is 1 mg L�1

and the TDI of MC-LR recommended by the WHO is 0.04 mg per
kg per d.15 The US EPA recommends that if the RfD value is not
specied, its value can be replaced by the TDI value.62 Therefore,
the health risk assessment was performed using 0.04 mg per kg
per d as the RfD value of MC-LR. For the health risk assessment,
C in eqn (3) is the concentration of algal toxin in the source water
or treated water. The risk grades of Ding et al. were used to
evaluate the risk of MC-LR in waterbodies into ve levels:
extremely low, low, medium, high, and extremely high (Table 2).63

The results showed that among the 45 raw water samples
taken during the summer that contained MC-LR, the HQ risk
index for MC-LR ranged from 0.05 � 10�3 to 3.97 � 10�2 (mean
of 8.57 � 10�3), i.e., generally extremely low or low risk level
(Table 2). Aer treatment, the HQ for the 10 samples taken
during the summer that contained MC-LR ranged from 2.29 �
10�3 to 8.40 � 10�3 (mean of 4.73 � 10�3), i.e., extremely low
risk level.
4. Conclusions

MC-LR can be detected extensively in surface waters used as
drinking water sources in important water basins in China,
6420 | RSC Adv., 2021, 11, 6415–6422
even during the winter. The detection rate of MC-LR in 119
surface water samples collected from 23 cities located in seven
major water basins was 55.46% for the period fromMay 2015 to
December 2017. The detection rate and mean concentration of
MC-LR in water samples collected from lakes or reservoirs were
61.02% and 11.44 � 10�3 mg L�1, respectively, which were
higher than those for samples collected from rivers (50% and
5.29� 10�3 mg L�1). All of the detected concentrations of MC-LR
in source water samples were below the surface water quality
standards for MC-LR in China. The concentration of MC-LR in
source water samples exhibited clear temporal characteristics.
The detected rate and mean concentration of MC-LR in source
water samples collected from lakes/reservoirs during the
summer were 64.44% and 7.59 � 10�3 mg L�1, respectively,
which were higher than those for samples taken during the
winter (50% and 1.07 � 10�3 mg L�1). The mean concentration
of MC-LR in source water samples collected from the Haihe
River basin was higher than that of the other river basins. The
removal rate of MC-LR in water treatment plants that use
advanced treatment was slightly little higher than that for
conventional treatment. However, the higher concentration of
MC-LR in treated water samples was observed in several water
treatment plants that use conventional treatment. This suggests
that more MCs could be released into water through the
destruction of the cyanobacterial cell structure during treat-
ment. Generally, the non-carcinogenic risk associated with the
concentration of MC-LR in the surface source water samples
was low, even for samples taken during the summer, and the
level of risk was in some cases further reduced aer treatment.
However, the total (original) concentration of MC-LR were used
to calculate the non-carcinogenic health risk rather than the
bioavailable concentration, which is a limitation of this study,
and further research in this area is needed. There is still a need
to control the eutrophication of surface waterbodies to ensure
the safety of drinking water. Additionally, there is scope to
elaborate on the need for further study regarding the release of
MC-LR during water treatment.

This study assessed the temporal and spatial distribution of
MC-LR in lakes, reservoirs, and rivers of seven major river
basins, as well as its concentration in raw and treated water. The
removal rate of MC-LR in water treatment plants and the
human health risks are also discussed, which can help further
understanding of the pollution of MC-LR in surface water used
as a source of drinking water and provide a basis for to further
improve methods of prevention and control.
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